Injectable Silk Protein Microparticle-based Fillers: A Novel
Material for Potential Use in Glottic Insufficiency
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Summary: Objectives and Hypothesis. A novel, silk protein-based injectable filler was engineered with the inten-
tion of vocal fold augmentation as its eventual intended use. This injectable filler leverages the unique properties of silk
protein’s superior biocompatibility, mechanical tunability, and slow in vivo degradation to one day better serve the
needs of otolaryngologists. This paper intends to demonstrate the mechanical properties of the proposed novel
injectable and to evaluate its longevity in animal models.

Materials and Methods. Experimental. The mechanical properties of silk bulking agents were determined to char-
acterize deformation resistance and recovery compared with commercially available calcium hydroxylapatite through
rheologic testing. Fresh porcine vocal fold tissue was used for injectable placement to simulate the mechanical out-
comes of native tissue after bulking procedures. In vivo subcutaneous rodent implantation examined immune response,
particle migration, and volume retention.

Results. Porous, elastomeric silk microparticles demonstrate high recovery (>90% original volume) from compressive
strain and mimic the native storage modulus of soft tissues (1—3 kPa). Injectable silk causes only a slight increase in
porcine vocal fold stiffness immediately after injection (20%), preserving the native mechanics of bulked tissue. In the
subcutaneous rat model, silk demonstrated biocompatibility and slow degradation, thus enabling host cell integration
and tissue deposition.

Conclusions. The presented novel silk injectable material demonstrates favorable qualities for a vocal fold injection

augmentation material. An in vivo long-term canine study is planned.
Key Words: Silk—Vocal fold—Vocal fold injectable—Microparticle—Injection augmentation.

INTRODUCTION

Glottic insufficiency (GI) exists when the normally symmetric
true vocal folds (TVFs) cannot meet and achieve a long, com-
plete phase closure during vibration. Injection augmentation
and medialization laryngoplasty both bulk the vocal fold tissue
to enable the vocal folds to contact each other and restore effi-
cient entrainment of vibration. Injection augmentation is
increasingly popular, likely because of the availability of off-
the-shelf injectable materials and the ability to perform these
procedures as an awake, unsedated office-based procedure.' A
variety of material choices are available for injection augmenta-
tion, including autologous fat, hyaluronic acid (HA), collagen,
carboxymethylcellulose (CMC), and calcium hydroxylapatite
(CaHA)-based fillers. Medialization laryngoplasty is a perma-
nent option to correct GI but requires an incision in the neck
and sedation in the operating room to implant a permanent
material such as Gore-Tex or silastic in the deficient vocal
fold.** An unmet medical need is an office-based, injectable
material that can sustain medialization by enabling tissue
regrowth within the bulked vocal fold leading to a long-term or
even permanent effect.
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Silk, as derived from the Bombyx mori silk worm, has an
extensive history as a surgical biomaterial.* Silk has been used
for centuries as a suture material and continues to remain a
popular choice for neural, ocular, and cardiovascular applica-
tions because of its inherent high tensile strength and favorable
handleability.”~” Commercially available silk-derived surgical
scaffolds are currently used for long-term soft tissue regenera-
tion and reconstructive surgery.®”'” Results indicate that con-
trolled degradation of porous silk scaffolds implanted into soft
tissues facilitates cellular infiltration and encourages tissue
regeneration and remodeling within the implant site, giving rise
to the potential of a permanent tissue bulking treatment.'*'*?

In the current study, the goal was to develop a robust,
injectable silk particle suspension for potential use in GI. Parti-
cle suspensions were designed for high porosity, low immuno-
genic response, mechanical similarity to native tissues, facile
injection, and long-term in vivo persistence. Safety and tissue
response to implants was investigated using a subcutaneous rat
model. We hypothesized that (1) biocompatible silk particles
would bulk fresh, cadaver porcine vocal fold tissues without
causing excessive stiffening of tissues, and (2) while simulta-
neously providing a scaffold for cellular ingrowth and tissue
deposition in a subcutaneous rat model, long-lasting modifica-
tion due to the inherent slow resorption rate of silk proteins
would be seen.

MATERIALS AND METHODS
Materials
Sodium carbonate, lithium bromide, sodium hydroxide, hydro-
chloric acid, 1,4-butanediol diglycidyl ether, and glycerol were
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purchased from Millipore Sigma (St. Lewis, MS). Methanol
was purchased from VWR International (Radnor, PA).
Sodium hyaluronate was purchased from Lifecore Biomedical
(Chaska, MN). All chemicals and materials were used without
further modification unless specified.

Preparation of porous silk protein microparticles

Raw medical-grade silk fiber was purified as previously
described.”” Briefly, the raw silk fibers were extracted for
60 minutes in a 2.12 g/L sodium carbonate solution to remove
sericin coating. Silk fibers were solubilized and subsequently
dialyzed against deionized water to yield a 10% w/v solution.
Silk solutions were freeze-dried in the presence of glycerol,
cross-linked with methanol, and mechanically ground into
355- to 425-pm particles.

Preparation of HA carrier and particle suspension

HA (1.50g) was first hydrated in sodium hydroxide
(10.725mL, 0.25M) for 2 hours. Afterward, 72.8 mM 1,4-
butanediol diglycidyl ether was added into the HA suspension
and allowed to cross-link for 2 hours between 45°C and 50°C.
Cross-linked gel was quenched with 30 mL 1x phosphate-buft-
ered saline overnight. Hydrogels were then dialyzed against
phosphate-buffered saline to a final concentration of 2.7% w/v
and a pH of 7.4. Silk particles and cross-linked HA (hereafter
“silk-HA”) were steam sterilized and aseptically mixed in a
40% silk/60% HA v/v ratio.

Characterization of porous silk scaffolds

Scanning electron microscopy (Zeiss EVO MA10 SEM; Carl
Zeiss AG, Germany) was used to analyze the morphology of
bulk sponge cross sections and porous microparticles. Porosity
and pore size distribution of bulk sponges were tested with a
Quantachrome PoreMaster mercury intrusion porosimeter
(Quantachrome Instruments, Boynton Beach, FL). Uncon-
fined compression testing on hydrated samples was performed
on an Instron 3366 Universal Testing System (Instron, Nor-
wood, MA) and used to evaluate compressibility and recovery
of silk sponge samples (measurements reported in kilopascal).
Microparticle size distribution was measured using a Master-
sizer 2000 laser diffraction tool (Malvern Instruments, Worces-
tershire, UK).

Injection force testing through catheter

Uniaxial compression testing was used to determine the extru-
sion force required for injection of silk-HA through a catheter
delivery device and CaHA-CMC through the included 24G
long needle. A custom 50-cm catheter (inner diameter:
1.05mm) affixed with a 23XXG needle (inner diameter:
0.508 mm) was designed to accommodate delivery of silk-HA
through the working channel of a laryngoscope. One-cubic
centimeter threaded nozzle plastic syringes prefilled with silk-
HA composition were loaded into a vertical syringe mount
and extruded using an Instron 3366 mechanical testing system
(Instron) with an attached 1kN load cell. Compressive force
was applied to the top of the plunger at a constant rate of

13 mm/min. Average extrusion force (reported in newton) was
measured during the plateau phase (between 70% and 100%
extruded volume for silk-HA, and between 15% and 100%
extruded volume for CaHA-CMC).

Dynamic rotational shear rheometry

Dynamic rotational shear rheometry was used to assess the
mechanical features of silk-HA compositions and bulked por-
cine vocal fold tissue.'*' The storage modulus (G, reported in
pascal), the loss modulus (G”, reported in pascal), the complex
modulus (G*, reported in pascal), and dynamic viscosity
(reported in pascal-second) were measured as a function of
oscillatory frequency sweeps from 0.1 to 10.0 Hz at a shear
strain of 1%. Testing was performed on a Discovery HR-3
(TA Instruments, New Castle, DE) using a 40-mm-diameter
parallel plate attachment. For silk-HA compositions, the nom-
inal gap width used was 400 um to accommodate the size of
the particles with a sample volume of 500 L. Elasticity was
calculated from Equation 1 at frequencies of 1 and 10 Hz:

Elasticity = 100 x [G'/(G' + G")] (1)

In vitro tissue bulking of porcine vocal fold tissue

Fresh porcine larynges were bisected through the anterior com-
missure to expose the intact vocal folds, and 250—300 uL of
silk-HA composition was directly injected deep into the thyro-
arytenoid-lateral cricoarytenoid muscle complex to avoid
superficial injection into the lamina propria (Supplementary
Figure S1). Vocal folds were excised (including the thyroaryte-
noid muscle), cut to approximately 1cm x 1 cm dimensions,
and the mechanics of noninjected (“native”) and injected
(“bulked”) tissues were assessed by dynamic rotational shear
rheometry using the system described previously. Four hun-
dred-grit sandpaper was used to reduce slippage. The gap dis-
tance was modulated to achieve an axial force of 40—50 g.

In vivo biodegradation of silk-HA formulation

Animal procedures were carried out in full accordance with
established standards set forth in the Guide for the Care and
Use of Laboratory Animals, 8th edition (NIH Publication No.
85-23). Animals were sterilely housed and maintained pre- and
postoperatively by the Department of Lab Animal Manage-
ment and associated veterinarians at the Tufts University, Bos-
ton Campus. Two separate studies were conducted to evaluate
(1) the biocompatibility of the silk-HA formulation compared
with a marketed CaHA-CMC filler (Prolaryn Plus; Merz Neu-
rosciences, Raleigh, NC) and (2) the degradation profile of silk
particles. A subcutaneous model using rats (female, 8 weeks;
Taconic Biosciences, Germantown, NY) was used in both
studies. Rats were anesthetized by isoflurane inhalation, 3%
for inoculation, and 2% for maintenance. For evaluation of
biocompatibility, N = 3 animals per time point received subcu-
taneous injections of 0.2 mL silk-HA or CaHA-CMC to each
of the left and right sides in the lumbar region. Time points of
3, 6,9, and 12 months were selected to assess the progressive
host ingrowth and immunologic response of the injections.
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In vivo biodegradation of silk particles

For evaluation of silk particle degradation, animals received
four subcutaneous injections of 0.2 mL silk particles alone on
the left and right sides of the lumbar and scapular regions. A
total of 15 animals received injections, with N =3 for time
points of 1, 3, 5, 9, and 12 months. Animals were sacrificed by
carbon dioxide asphyxiation and major organ removal as a
secondary method. Samples were excised, including the adja-
cent dermal tissue, and dimensions (length, width, and height)
of the remaining implant were recorded. Explants were placed
into tissue cassettes and immersed in 10% formalin for fixation.
Tissues were taken through standard dehydration processing
and bisected before paraffin embedding. Tissue sections were
stained using hematoxylin and eosin and imaged using an
inverted light microscope (Axiovert CFL 40, Carl Zeiss AG,
Switzerland) and Q-Capture software (QImaging, Surrey, BC).

Data reporting and statistics

Pore and particle size distributions are reported as the average
of three unique material batches. Rheometry results for silk-
HA suspensions were reported as the average with standard
deviation for N =3.

RESULTS

Characterization of porous silk microparticles and
catheter injection force testing

The physical characteristics of the silk particles, including
porosity, shape memory characteristics, and size distribution,
are shown in Figure 1. Bulk sponges are composed of a highly
interconnected pore network, with rounded pore diameters
averaging between 10 and 100 um (Figure 1A and B). These
bulk sponges also display shape memory features, having the
ability to recover their original volume from a compressed state
(Figure 1C). Cyclic compression curves of sponges immersed in
physiological buffer show high recovery and minimal hysteresis
under low to moderate strains, highlighting their resistance to
deformation (Figure 1D). Deformation resistance and recovery
are critical for recapitulating the elastomeric behavior of native
vocal fold tissue, allowing the implant to feel and perform simi-
larly to healthy tissue. Particles derived from bulk sponges pos-
sess the same open-pore morphology, presenting the
appearance of large microparticle sponges (Figure 1E and F).
Open-pore morphology may accommodate applications where
cell infiltration and tissue regeneration are required.'®'’

The injection force of silk-HA was measured when delivered
through a custom 50-cm catheter (Figure 2). The custom cathe-
ter is designed to fit through the working channel of popular
laryngoscopes and disposable channel sheaths, enabling the
physician to visualize the delivery of the material during an
augmentation procedure (Figure 2A and Supplementary
Figure S2). The catheter includes a retractable 23XXG needle
to enable controlled and reproducible delivery of material
(Figure 2B and C). At 13-mm/min crosshead speed, the aver-
age extrusion force of silk-HA through the catheter was 34.9 N
+ 1.6 N, whereas CaHA-CMC extruded through a 24G long
needle was 51.4 N £ 0.9 N (Figure 2D).

Mechanical analysis of ex vivo bulked vocal fold tissue
Oscillatory shear deformation was used to measure the shear
moduli (G and G”, the overall resistance to deformation),
dynamic viscosity (flow characteristics), and elasticity (defor-
mation recovery) of injectable materials as a function of fre-
quency. The mechanical attributes of the silk injectable were
compared with CaHA-CMC, a commercially available parti-
cle-based vocal fold filler (Supplementary Figure S3). Oscil-
latory frequency sweeps from 0.1 to 10.0 Hz demonstrate that
both silk and CaHA-CMC behave elastically over the tested
range. The stiffness of CaHA-CMC increases more rapidly
than silk, with a nearly fivefold increase in storage modulus
over the frequency range tested and silk showed superior defor-
mation recovery.

The mechanical impact of silk and CaHA-CMC bulking
was evaluated by injection into porcine vocal fold tissues on
the bench, to be used as an approximation for what clinical
outcomes may be after a vocal fold bulking procedure. Similar
ex vivo mechanical screening for vocal fold bulking agents has
been described previously in the literature.">'® Excised larynx
samples from two different age groups of pigs (2 and 7 weeks
old) were injected ex vivo via a 21G (silk injectable) or a 25G
(CaHA-CMC) needle affixed to a 1-cc syringe. Native and
bulked vocal folds were excised and mechanics were evaluated
via shear rheometry (Figure 3). It was noted that, because the
excised tissue samples did not contact the entirety of the paral-
lel plates during testing, absolute values were uncertain, and
that the data served to highlight comparable trends rather than
true values. After bulking, silk yielded minimal change in tissue
viscoelasticity, increasing the complex modulus by approxi-
mately 1.5x and 1.2x, whereas CaHA-CMC bulking
increased modulus by approximately 4.0x and 1.7x in 2- and
7-week-old pigs, respectively (Figure 3A and B). Dynamic vis-
cosity reflected similar trends, with CaHA-CMC incurring the
greatest increase in tissue stiffness (Figure 3C). Deformation
recovery for injected tissues was only slightly altered compared
with native tissues for both materials (Figure 3D).

In vivo evaluation of silk particle suspensions

In a 12-month study of biocompatibility, silk-HA and CaHA-
CMC exhibited similar cellular responses of macrophage and
fibrous tissue infiltration around implanted particles (Figure 4).
Post implantation, both particle suspensions did not migrate
from the delivery site after the 12-month period. In hematoxy-
lin- and eosin-stained sections, macrophages and giant cells
predominated in the vicinity of silk particles within 3 months
(Supplementary Figure S4), with few multinucleated cells visi-
ble, and appeared to be actively degrading the protein matrix.
Macrophage activity typically recruits fibroblasts to the site of
remodeling, leading to interstitial fibrous tissue deposits, which
are also observed in silk implants. It was additionally noted
that cross-linked HA carrier controls (without silk component)
were void of cellular infiltrate, indicating that silk particles
were critical to cell ingrowth and remodeling (Supplementary
Figure S4). The CaHA-CMC implants permitted cell migra-
tion around the particles but did not allow infiltration into the
particle bulk as seen with silk.
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FIGURE 1. Physical characterization of porous silk sponges and particles. A. Scanning electron microscopy showing a cross section of the bulk silk
sponge and the inner pore morphology. B. The average pore size, as determined by mercury intrusion porosimetry, is 40 um. C. Macroscopic depic-
tion of shape memory potential for silk sponges. A hydrated silk sponge can recover from a highly compressed state to nearly its original volume.
D. Cyclic compression curves showing high recovery of the sponge when immersed in 1x phosphate-buffered saline. E. Porous silk microparticles
are derived from the bulk via a mechanical particlization method. F. The average particle diameter is measured at 390 ym via laser diffraction.

The goal of these early biocompatibility assessments was to
evaluate particle degradation kinetics and inflammatory
response with regard to severity of inflammation around the
implant. Macroscopic evaluation of animal livers was per-
formed in situ at sacrifice for any lesions or signs of material
migration. All livers were a standard dark red and appeared to
be of normal tissue health and weight. The silk particle suspen-
sion is highly cohesive, and we observed very minimal local
migration of the bulk material away from the initial injection
site. Because we did not see an extreme response, pathologist
evaluation was not pursued; no signs of infection or other
unexpected findings warranted seeking an expert opinion at
this proof-of-concept stage.

In vivo biodegradation of silk particles

A separate biocompatibility study was initiated to better assess
the degradation profile and the longevity of silk particles alone
without a carrier matrix. Silk particle implants degraded line-
arly over the course of the study; and extrapolation of this lin-
ear trend projects the silk particles remaining present until
nearly 18 months from implantation, at which time complete
degradation is predicted to occur (Supplementary Figure S5).

DISCUSSION
The ideal TVF injection augmentation material needs to be
biocompatible, available off the shelf, nonimmunogenic,



Joseph E. Brown, et al Silk Microparticles for Glottic Insufficiency 777

50cm

D 100 1

| ——— Silk/HA in 23XXG 50cm Catheter
—~ 80 A — — -CaHA/CMC in 24G Long Needle
z
3 |
5 801 e e m e ——
(s |
C
9O 40 A
7] !
E 1 /
m204 ¢

/7
1 -
0+ . ' ——
0 40 60 80 100

Extruded Volume (%, 1cc Syringe)

FIGURE 2. Injection force analysis of silk-HA and CaHA-CMC. A—C. Silk-HA was extruded through a 50-cm custom catheter, designed with a
retractable 23XXG needle. CaHA-CMC was extruded through a 24G long needle (not shown). D. Injection forces were measured at a crosshead
speed of 13 mm/min. The average injection force of silk-HA was 34.9 N 4 1.6 N, whereas CaHA-CMC extruded through a 24G long needle was
51.4N =+ 0.9 N. Typically, lower extrusion forces are ideal because they reduce discomfort for the user.

without concern for disease transmission, able to flow through
a small gauge needle, and easy to use and facilitates long-last-
ing results when desired. The presented silk-HA injectable
shows promise as a potential TVF injection augmentation
material to meet these criteria. The cross-linking density, HA
concentration, and silk : HA ratio selected yielded an optimal
balance between low extrusion force, ideal rheometric features,
and in vivo longevity. Although not yet tested in vivo and in
muscle, the current study does demonstrate promise in that silk
particles have potential for a long-term, durable benefit with
the addition of improved rheologic properties over currently
available CaHA injectables after immediate injection.

Particle morphology and rheometric analysis

Silk particles were engineered to have a defined open-pore,
low-density, elastomeric structure to best facilitate the
ingrowth of cells and replicate the native tissue features. This is
unique compared with other commercially available filler plat-
forms that utilize solid particles or hydrogel particles that rely
on surface erosion to degrade. Although porous silk particles
are large (average diameter: 390 um), the inherent shape mem-
ory features permit the reversible compressibility needed for
particles to flow through narrow channels without compromis-
ing their porous structure. Furthermore, several studies have
indicated that particles less than 65 um may be at risk of migra-
tion to regional lymphatic pathways.'”~>* Therefore, silk par-
ticles were engineered to be larger to greatly mitigate risk of
migration into the vasculature. Combined with the inherently

slow biodegradation rate of silk,”*** we anticipate that gradual

replacement of the bulk silk matrix over time may facilitate tis-
sue regeneration and vascularization at early time points, as
reported previously for large porous silk implants.'%'>

The mechanical behavior of silk particle suspensions makes
it ideal for vocal fold applications, where frequency indepen-
dence and low stiffness are beneficial in replicating the native
tissue properties.'” CaHA was chosen as a comparator in these
studies as it is widely used in the field for vocal fold augmenta-
tion and is the only comparable product with Food and Drug
Administration clearance for vocal fold medialization, provid-
ing a well-known product as a reference for comparison with
the novel silk particle-based filler. Two age groups for porcine
vocal fold were tested, because aging is known to increase col-
lagen density and tissue stiffening.”> As expected, tissues from
younger animals showed greater susceptibility to stiffening
after injection; however, compared with CaHA-CMC particle
suspensions, bulking with silk induces substantially less stiffen-
ing in both age groups. This difference may be attributed to the
enhanced elasticity of the silk compositions, as well as the
inherent shape recovery attributes of the silk particles. Our
results are in alignment with previously published ex vivo
injection laryngoplasty experiments where CaHA-CMC
bulking caused the augmented vocal fold tissue to become
stiffer, whereas hyaluronic-based materials were able to better
mimic the native tissue mechanics.'>”*~* Although time and
tissue integration would likely change the measurements from
what the present study’s immediate postinjection tissues
demonstrate in fresh porcine larynges, these results encourage



778

Journal of Voice, Vol. 33, No. 5, 2019

1000 :M
- M
= M
* ]
o
: —o— P1, 2wk, Native —o— P1, 2wk, Silk Bulked
—&— P2, 7wk, Native —&— P2, 7wk, Silk Bulked
1 —8—P3, 2wk, Native —=— P3, 2wk, CaHA/CMC Bulk
—— P4, 7wk, Native —— P4, 7wk, CaHA/CMC Bulk
10 —— T ——T—rrTTm
0.1 10

1
Frequency (Hz)

1
Frequency (Hz)

5 - B
+
2 ]
L S
54 i
£ ] —e— P1, 2wk, Silk Bulked ~u
z | —a— P2, 7wk, Silk Bulked
O 3 | —m— P3, 2wk, CaHA/CMC Bulked
= —e— P4, 7wk, CaHA/CMC Bulked
Q J
=)
% -
= 2 4
Q 4-
i |Poeease=ss S S o o oo o s
&) J
1 . ——ry . — T
0.1 1 10
Frequency (Hz)
D
100 -
—~ 80 A ]
X ]
> 60 A
:g -
& 40 1
© ]
w 20 4
4
0 - v : T
@ D e D @ @ &
2 3 O @)
O APl L P o
,\fl’ \(—\6 :\ \{-‘% n_,:b Q«v\ b&t\ Q\$
QN VN < & T
™ e B ~
P> e

FIGURE 3. Rotational shear rheometry measurements of porcine vocal fold tissue from 2- and 7-week-old pigs after bulking with silk-HA and
Prolaryn Plus. A. Frequency sweeps measuring complex modulus showed that silk-HA bulking incurred little change to the native tissue mechanics.
B. The fold change of bulked tissue was at most 1.5x for silk-HA and up to 4x for Prolaryn Plus. C. Dynamic viscosity measurements indicate that
Prolaryn Plus induces the greatest increase in tissue stiffness. D. Elasticity of all tissues was similar, and bulking did not greatly impact deformation

recovery.

the further exploration of in vivo canine thyroarytenoid muscle
placement.

In vivo biocompatibility

The silk-HA suspension is designed not only to volumetrically
bulk damaged tissue but also to provide long-lasting augmen-
tation via a dynamic, resorbable scaffold that can support cell
attachment and new collagen formation simultaneous to grad-
ual silk degradation. This approach has been validated using
CaHA-CMC microparticle suspensions for vocal fold augmen-
tation. A clinical study of CaHA-CMC fillers has shown that
stimulation of new tissue formation within the implant can pro-
long duration of correction and patient satisfaction.”’ ** The
results indicate many patients benefitting from voice improve-
ment 12—18 months post treatment.”’'**

Silk proteins provide an alternative platform recognized for
controllable long-term resorbability, biocompatibility, and
regenerative capacity of new tissues at an implant site.”* Our
prediction for a longer-term effect stems from the results of our
study in conjunction with previously published silk surgical
scaffold studies examining tissue ingrowth and bioreplacement
of implantable silk.*'*!" Uniformly porous silk meshes have

demonstrated the ability to support and repair soft tissues while
facilitating postsurgical tissue remodeling and neovasculariza-
tion for long-term regeneration.'''> We sought to leverage
these benefits, such as the early recruitment of localized colla-
gen deposition, angiogenic factors, and cellular infiltration,
into a new porous microparticle platform ideal for minimally
invasive delivery. The 12-month results of injectable silk-HA
reported in the current study affirm that within 3—6 months,
macrophage ingrowth—a typical precursor to fibroblast
recruitment and interstitial fibrous tissue deposition’ —and
silk protein degradation occur without eliciting any adverse
reaction in a subcutaneous rat model. The outcome of the pres-
ent pilot study is encouraging and prompts the continued inves-
tigation of silk particle efficacy in a 12-month in vivo canine
vocal fold augmentation model.

CONCLUSIONS
The objective of the present pilot study was to evaluate the
mechanical performance, safety, and biological response of an
injectable silk particle suspension that is being designed specifi-
cally with the intention of serving as a novel vocal fold aug-
mentation material. Silk-HA is a porous, silk microparticle
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FIGURE 4. I vivo biocompatibility study of porous silk particles
using a subcutaneous rat model, 20 x magnification. Histologic exam-
ination of excised implants was performed on silk-HA (left column)
and CaHA-CMC (right column) at 6, 9, and 12 months, descending.
Cellular infiltration is observed in the vicinity of the silk particles (yel-
low arrows) and is predominantly macrophages and giant cells respon-
sible for enzymatic degradation of the silk protein. Silk-HA cross
sections show vascularity (green arrows) within the tissue ingrowth.
Regions of HA (blue arrows) are cell occlusive and collapse with histo-
logic processing. CaHA-CMC also supports macrophage and giant
cell infiltration in the vicinity of the CaHA particles (black arrows).
Both 9- and 12-month sections were decalcified before staining, result-
ing in ghost regions where the CaHA particles were previously. Simi-
lar to HA, CMC (orange arrow) is cell occlusive. Vascularity is not
visible in the CaHA-CMC tissue sections represented above in the
right hand column (Scale bar =0.125 mm). (For interpretation of the
references to color in this figure legend, the reader is referred to the
Web version of this article.)

suspension that demonstrates highly elastic mechanics that
have been modulated and mimic the native rheometric features
of porcine vocal fold, volumetrically bulking the tissue without
causing excessive stiffening. Silk-HA suspensions were evalu-
ated in a 6-month subcutaneous rat model against CaHA-
CMC. Silk particle implants showed macrophage infiltration
and fibrous tissue deposition throughout the particle bulk with-
out eliciting any adverse reactions, including swelling or migra-
tion from the primary site. Silk-HA shows promise as a
potential injectable material for vocal fold augmentation and
will continue to be investigated in longer preclinical in vivo
vocal fold implantation studies.
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